A size-selective cell sorting microfluidic device that utilizes optical force is developed. The device consists of a three-dimensional polydimethylsiloxane microstructure comprised of two crossed microchannels in a three-dimensional configuration. A line shaped focused laser beam is used for automatic size-selective cell sorting in a continuous flow environment. As yeast cells in an aqueous medium are fed continuously into a lower channel, the line shaped focused laser beam is applied ͑perpendicular to the direction of flow͒ at the junction of the two crossed channels. The scattering force of the laser beam was employed to push cells matching specific criteria upward from one channel to another. The force depends on the size of the cells, the laser power, and the fluid flow speed. The variation in size of yeast cells causes them to follow different routes at the intersection. For flow speeds below 30 m / s, all yeast cells larger than 3 m were removed from the main stream. As a result, a high purity sample of small cells can be collected at the outlet of bottom channel.
I. INTRODUCTION
Conventional cytometry systems are becoming mature tools for rapid and reliable cell counting, sorting, and analysis. However, complicated operating units and delicate optical components such as detection/filtering devices make systems bulky and expensive. Furthermore, specialists are typically required to operate flow cytometers due to the complicated sample pretreatment procedures involved. In recent years, advancement in microfabrication technologies has allowed for the development of miniaturized flow cytometers.
1 Miniaturized flow cytometers are particularly appealing for cell separation because of the dramatic reduction in the amount of sample required. The ability to extract rare cells from a larger mixed population for further processing is essential for life science research and diagnostic platforms. This is particularly important if one is using precious cells that cannot be easily expanded into large populations, for example, stem cells or metastatic cancer cells. Several research groups have demonstrated innovative sorting techniques that show promise for sorting live cells in microfluidic devices, each with its own merits and drawbacks.
2-9 Among these techniques, the electric field-based separation approach utilizing dielectrophoretic force [5] [6] [7] [8] [9] has proved to be an effective and appealing tool for cell sorting by many researchers. This is because the fluid flow inside the microchannel can be easily controlled by electric field resulting in a high degree of sorting accuracy. However, the complex fabrication of the microelectrodes and the inherent drawbacks such as viability of cells, buffer incompatibility, and the frequent need to finely tune the voltage setting whenever conditions change limit the application of the electric field-based separation approach.
Recently, microfluidic sorting using optical force has proved to be an attractive option due to the noninvasive and sterile nature of the optical force. 10 In contrast to electric field-based methods, the optical force acts on biological cells with minimum degradation. Optical separation of cells has previously been shown without the inclusion of fluid flow. 11 Paterson et al. 12, 13 has demonstrated the use of optical force for sorting a mixed sample of lymphocytes and erythrocytes cells in the absence of externally driven fluid flow. The main drawback of flow free techniques is that cells cannot be separated continuously into different fluidic channels. Recently, breakthroughs were made by Wang et al. 14 and Perroud et al. 15 who reported the use of a fully optical control switch for continuous sorting of live cells. Both devices were based on a fluorescence triggered scheme and optical force to deflect cells into the desired output channel automatically. Fluorescenceactivated cell sorting ͑FACS͒ requires fluorescent markers or antibodies to attach to the cells of interest. Fluorescent labeling of cells is time consuming and is dependent on the availability of appropriate antibodies that tag onto the target cell surface. Hence, several research groups are beginning to probe the potential of passive optical sorting techniques which obviate the need to add any dielectric tags or surface markers. 10, [16] [17] [18] The effectiveness of sorting colloidal particles using optical force based on their intrinsic properties such as refractive index and size has been demonstrated. 15, 16, [19] [20] [21] [22] [23] However, passively sorting native ͑unlabeled͒ cells using optical force has not been well exploited in a continuous flow environment. This is primarily due to the fact that the refractive index difference between different viable cells is typically small. This means that the optical force is not sensitive enough to exert significantly different optical forces to separate them. This has prompted researchers to separate cell mixtures according to size difference instead. However, optical force can only separate cells if they differ substantially in size. For example, Paterson et al. 13 failed to separate the HL60 cell line according to their size difference with diameter vary from 9 to 13 m.
In this paper, we propose a technique that takes advantage of a mildly focused lined laser coupled to a three-dimensional PDMS cross-microchannel to enable passive and continuous separation of cells. As a difference from other optical sorting techniques, we attempted to solve a few limitations that have hindered optical sorting for practical use in this work. Living cells are used as sample components instead of microspheres such as polystyrene and silica beads. Continuous separation with a relatively fast response time is made possible. Sorting multiple cells at the same time without the need for hydrodynamic focusing of cell stream is an added advantage. Furthermore, in combination with microfluidic channels, sorted cells are readily collected in the collection outlet.
The laser beam that spans across the intersection of the channel provides an optical force orthogonal to the direction of fluid flow at the intersection. This is desirable as cells of different sizes can be continuously separated and flowed into separate fluid channels downstream in the chip. To facilitate this study, we used yeast cells to serve as our model biological cells. Yeast cells vary in size because they are at different stages of the cell cycle. In this work, we have utilized the native properties of the cells-their difference in size to demonstrate that extraction of smaller cells is feasible, even though their size difference is less than 5 m. Our method is particularly appealing when the target cells are smaller cells in the population. On the other hand, we may use this method to purify the cell mixture by removing the lysis debris or large cells cluster. As one of the major advantages, separating/removing target cells of a different size does not require a new channel configuration or modified dimensions. The only adjustment is to carefully control the flow rate or laser power.
Our optical sorting method allows multiple cells to be manipulated at the same time without the need for an active recognition step. The switching is mainly based on the optical scattering force of a focused laser beam and the use of a low numerical aperture ͑NA͒ objective lens. Simultaneous sorting of multiple cells was made possible with the lined shape laser beam created when the laser passed through a cylindrical lens. Particle sorting takes place in a relatively small "sorting box" formed by the intersection of two cross channels, thus eliminating the need for long channels or large fractionating arrays.
II. EXPERIMENTAL

A. Fabrication of microfluidic chips
A schematic of the device fabrication steps is shown in Fig. 1 . In order to utilize optical trapping and manipulation for sorting in a microfluidic system, a device needs to be fabricated in a material that is transparent to the laser beam used for manipulation. The material chosen for our device was polydimethylsiloxane ͑PDMS͒. PDMS is a low cost silicon-based organic polymer that is routinely used in the fabrication of lab-on-a-chip devices by soft lithography. To construct the sorting device, first a master mold was fabricated in a layer of SU-8 photoresist spin coated onto a silicon wafer by using the proton beam writing technique. 24 After development of the SU-8 structure, a hard bake was performed to create a permanent, reusable master that could be used for soft lithography. PDMS molding was carried out to obtain the inverse structures of the master mold. Holes were then punched at the inlets of the device using a Harris Uni-Core punch and the PDMS was trimmed to size. In order to make the final microfluidic device, two pieces of PDMS containing the microchannels were first cleaned using ethanol under sonication and then exposed to air plasma ͑plasma cleaner, Harrick Plasma͒ for 10 s. The two PDMS channels were then bonded to each other such that the two microchannels formed a "tangential contact." Finally, the samples were bonded to a piece of glass slide and heated in an oven at 80°C for 60 min.
B. Experimental procedures
Cell separation with the optical device was performed using baker's yeast ͑saccharomyces cerevisiae͒. Yeast is diluted in purified water, until a concentration that ensures an acceptable density of cells flowing in the lower channel of the microfluidic device has been obtained. This is done by inspecting a drop of the sample under a microscope. Then, the yeast cells were incubated at 37°C for a period of 10 h before they were used in the experiments. To characterize the microchannel device, the yeast cells mixture was introduced into the lower channel, while deionized water was introduced into the upper channel. There is no hydrodynamic focusing of the cells as required in FACS. The yeast cells typically flowed along the bottom of the channel at low speed due to the density difference between the cells and the surrounding medium. We took advantages of this and focused the laser at the bottom of the lower channel to allow the cells to 
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Optical separation of cellsinteract with the line laser that span across the whole sorting box. By not employing complicated two-dimensional or three-dimensional focusing, the operation of the sorting device can be simpler and more effective. At the channel intersection, the flow pattern strongly depends on the aspect ratio of the microchannels. 25 The fluid is driven by a syringe pump ͑KDS 250͒ and flows straight through the intersection without any significant exchange of fluid between the channels, provided the aspect ratio is high ͑e.g., 1.6͒. As the cells pass by the intersection, they are subjected to a net optical force perpendicular to the direction of flow. Selected cells are strongly pushed upward and switched to the upper channel while the others pass straight through. The difference in the behavior depends on their sensitivity to the optical force. Figure 2 shows the overall concept for a sorting device that switches cells matching specific criteria from the lower channel to the upper channel. Since there is a sustained fluid flow in both the lower and upper channels, when the cells move up, they are carried away by the flow automatically. The simple operation of the device allows for an efficient and automated method of sorting cells without the need to turn off or translate the laser beam. A single spot focused laser beam was initially used in the cell sorting device. However it was slow and inefficient because it was only able to sort cells in the immediate surroundings of the focal point. A larger active sorting area in the cross-channel is achieved by introducing a cylindrical lens into the optical train to spread the beam into a line focus. 19 The line shaped focused laser beam was able to cover the whole "sorting box" ͑50 m͒. This modification to the optical system significantly increased the throughput of the sorting process by allowing for the simultaneous manipulation of multiple cells.
In order to observe the operation of the cell sorting device, the sorting chip was mounted on an inverted microscope ͑Nikon TE2000-U͒. A dichroic mirror was used to reflect the laser beam 
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͑DPSS laser, 1064 nm, max 1500 mW͒ toward the back aperture of the objective lens ͑40 ϫ 0.60 NA Nikon͒ while allowing for the illumination light and particle image to pass through to a charge-coupled device video camera connected to a personal computer. Using this setup, the operation of the device could be observed in real time. The infrared laser power at the back aperture of the objective lens was measured to be 150 mW.
III. RESULTS AND DISCUSSION
The operation of the microfluidic optical sorting device may be viewed in the video footage provided in the supplementary material. In order to understand its operation one must consider the forces acting on the cells as they move through the intersection of the two channels. The force on a cell in an optical trap is the net result of a scattering force and a gradient force. When cells first encounter the focused laser beam, the gradient force acts to rapidly slow them down. In order for this to occur, the gradient force must be sufficiently large to overcome the drag force. The interplay between the optical gradient force and the fluid drag force determines the sorting criterion. If the velocity of the cells is too high, then for a given laser power and objective lens NA, the optical gradient force is insufficient to stop the cells. In addition to being stopped by the optical gradient force, a scattering force will act on the cell in a direction perpendicular to the fluid flow. The strength of the gradient force and scattering force depends on the size and intensity of input laser. 26, 27 Therefore cells that are larger in size are more readily deflected by the optical field. For objective lenses that have a relatively low NA, the scattering force dominates over the gradient force resulting in the particle being pushed by the laser rather than being trapped at the focus. The deflection of some of the cells by the scattering force is the main mechanism for sorting in the microfluidic device. Cells that meet specific criteria primarily determined by their size and the laser power can be separated from a mixture by being pushed by a focused laser into an upper channel.
Yeast cells vary in size because they are at different stages of the cell cycle. These cells are used in the optical separation to determine if the variation in size of cells of a single type causes them to follow different routes at the intersection under the optical field. As shown in Fig. 3 , the 
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Optical separation of cells Biomicrofluidics 4, 044111 ͑2010͒ size of the yeast cells was determined optically and it ranged in diameter from 1.5 to 5 m, with a Gaussian distribution of size, and the average diameter being around 3.4 m. In order to differentiate the larger cells and smaller cells, we grouped them into two groups, with cells that are smaller than 3 m in diameter as "small cells," while those larger than 3 m in diameter as "large cells." Before separation, 43.4% of yeast cells are small cells and 56.6% of cells are large cells.
To enhance the sorting efficiency, a high aspect ratio microchannel ͑Aspect Ratio= 1.6, width= 25 m, high= 40 m͒ device was adopted. 25 The sorting experiments were repeated using different flow speed under a constant laser power of 150 mW. Since viability of the cells after separation is critical for subsequent analysis, the experiment was not performed using higher power though higher power would give rise to optimum separation at higher velocity. As reported in Paterson et al., 13 cells remained viable after exposure to 500 mW of 1064 nm laser beam for approximately 60 s. In our experiments, the time that cells were exposed to 150 mW of lined laser with the same wavelength was less than 1 s. This is to make sure that the laser beam does no harm to the cell. The yeast cell suspension was continuously introduced into the bottom channel. At optimum flow speed, with optical gradient force is only sufficient to stop the larger cells, cells larger than a specific size were removed from the mainstream. The smaller cells passed straight through the intersection and were collected at outlet of bottom channel. The performance of the sorting system can be illustrated by means of Fig. 6 . Quantitative analysis of cells was carried out from a statistical analysis of more than 1000 yeast cells. The velocity and size of the separated cells were measured and these cells were grouped into two groups: small cells ͑diameter Ͻ3 m͒ and large cells ͑diameter Ͼ3 m͒. By changing the fluid flowing speed using the syringe pump, the cells that go to two different outlets were analyzed to determine the size distribution of the collected cells in both outlets. For all the cells that keep flowing straight in the lower channel, the percentages of small cell and large cell were determined at various velocity. The same analysis was carried out with the cells that were switched to the upper channel. Histograms showing the composition ratio of cells in both outlets at various flow speeds is shown in Fig. 6 . Figure 6͑a͒ shows the composition ratio of cells that passed straight through the sorting box ͑lower outlet͒. Below 30 m / s, the optical force was sufficient to stop and push all the large cells to upper channels, which result in over 96% of small cells being collected in lower outlet. The histograms illustrate that, in general, the composition of the large cells is increasing as their velocity increases. We attribute this to the increasing number of large cells that were not switched successfully due to their being an insufficient gradient force to overcome the viscous drag force. Consequently, the composition of the small cells dropped gradually as expected. Optimum separation of the cells ͑large cells 100% removed from mainstream͒ can be attained at higher velocity if higher laser power is used.
We can observe that the composition ratio of large cells in upper channel outlet is higher than small cells. This is because large cells experienced a stronger optical force and hence switched more efficiently than small cells. As the velocity increased, large cells start to dominate over the small cells resulting in an 80/20 population ratio. Using flow a speed beyond 90 m / s may cause higher purity of large cells collected but the efficiency and throughput of the sorting is reduced significantly beyond 90 m / s.
IV. CONCLUSION
We present here a noninvasive and versatile method for yeast cell separation/enrichment that combines microfluidic channels and optical force. We have utilized the native properties of the cells, namely, their difference in size to demonstrate that extraction of smaller cells is feasible with 
